The global carbon emission reduction strongly requires high strength lightweight die-cast aluminium alloys in industry. Here die-cast AlSiMgMn-TiB 2 composites with advanced mechanical performance were fabricated by the implantation of TiB 2 nanoparticles. Super vacuum assisted high pressure die casting was applied to enable the T6 heat treatment of the composites, and the super vacuum of 20 mbar was achieved in the limited evacuation time of 1.6 s. The composites demonstrated good die castability within the addition of 3.5 wt% TiB 2 , while the composites could not fill into the chill vent with the addition of N3.5 wt% TiB 2 . The composite with 3.5 wt% TiB 2 nanoparticles delivered the high hardness of 150.2 kg/mm 2 , yield strength of 351 MPa, tensile strength of 410 MPa, and the industrially applicable good ductility of 5.2%, after T6 heat treatment. The strengthening of the T6 heat treated composite was a result of both TiB 2 nanoparticles and nanoscale β′′ precipitates that had coherent interfaces with α-Al matrix, i.e., Al(11-1)//TiB 2 (0001), Al[011]//TiB 2 [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , Al[320]//β″(a-axis), Al[1-30]//β″(c-axis) and Al(020)//β″(b-axis). The T6 heat treated composite reinforced by 3.5 wt% TiB 2 showed ductile fracture.
H I G H L I G H T S
• Super vacuum of 20 mbar was achieved in limited evacuation time of 1.6 s during die casting of AlSiMgMn/TiB 2 composites. • Heat-treated AlSiMgMn/3.5wt.%TiB 2 composite had yield strength of 351MPa, tensile strength of 410MPa and ductility of 5.2%. • Die castability of compsites decreased with increasing of TiB 2 nanoparticles due to decrease of die filling ability. • Strengthening of heat-treated AlSiMgMn/ TiB 2 composites resulted from TiB 2 nanoparticles and β′′ precipitates.
G R A P H I C A L A B S T R A C T
a b s t r a c t a r t i c l e i n f o which lead to the formation of gas porosities in HPDC castings [7] . The gas porosities will expand and blister when exposed to high temperatures, which makes the conventional HPDC castings unavailable for further strengthening through high temperature heat treatment. Therefore the majority of the HPDC castings have to be used in as-cast state. In recent years, the world-wide consensus of the reducing of carbon emission strongly motivates the lightweight of automobile, which requires the die-cast aluminium alloys to be able to provide higher strength, for the achieving of the structural weight saving through the use of the thinner wall components basing on stronger alloys [8] . However, the as-cast strengths of the currently available die-cast automotive aluminium alloys are usually low, with a yield strength of 130-170 MPa [9, 10] . Explorations have been done to develop diecast automotive aluminium alloys with higher strength by conventional micro alloying, but the improvements are struggling limited and the improved yield strengths are still in the low level of 180-190 MPa [11] [12] [13] [14] . It is hard to meet the requirement of higher strength die-cast automotive aluminium alloys basing on the currently available alloys.
The particle reinforcement has been proved effective for the strengthening of materials [15] [16] [17] [18] . For cast aluminium alloys, ceramic particles such as TiB 2 , Al 2 O 3 , Si 3 N 4 , TiC, SiC and AlN have been added to strengthen the alloys [19] [20] [21] [22] [23] [24] . However, few literatures reported the particle reinforcement of the die-cast aluminium alloys under HPDC [25] . Among the available ceramic reinforcement particles for casting, TiB 2 has high Young's modulus and wets with molten aluminium, and TiB 2 can be in-situ synthesized in the molten aluminium with a size of nanoscale [26] . So TiB 2 nanoparticles were chosen here to reinforce the die-cast aluminium alloys. Furthermore, the latest developed frontier super vacuum assisted HPDC process can achieve a cutting-edge vacuum [27] , and it could largely decrease the gas porosities in HPDC castings and enable the further strengthening of the diecast aluminium alloys through heat treatment.
Al-Si-Mg-Mn die-cast aluminium alloys have been widely used in automotive industry for the manufacturing of high integrity castings due to excellent combinations of castability, strength, ductility and corrosion resistance [9, 11, 28] . The focus of this study is the introduction of TiB 2 nanoparticle on the reinforcement of the die-cast AlSiMgMn alloy, for the achieving of advanced heat-treated die-cast AlSiMgMn-TiB 2 composites. Super vacuum assisted HPDC was applied to enable the heat treatment of the composites.
Experimental

Melts preparation
The designed die-cast AlSiMgMn-TiB 2 composites, with the actual compositions (in wt%) of Al9Si0.6Mg0.6Mn0.18Fe0.12Ti-xTiB 2 (x = 0, 1.5, 3.5), were melted in a clay-graphite crucible using the electric resistance furnace. The ingot of pure Al was first melted, then the ingot of pure Mg and the master alloys of Al-50 wt% Si, Al-20 wt% Mn, Al-45 wt % Fe and Al-10 wt% Ti were added into the molten Al to achieve the designed composition. After the TiB 2 ceramic nanoparticles with the desired amounts were added into the melts through the addition of the Al-10 wt% TiB 2 master alloy. The details of the TiB 2 nanoparticles in the Al-10 wt% TiB 2 master alloy are presented in Section 3.1. During melting, the temperature of the furnace was controlled at 750°C. After melting, the Al-10 wt% Sr master alloy was added into the melts to achieve the Sr content of 200 ppm, for the modification of the morphology of the eutectic Si phase during solidification. Then the melts were degassed through injecting pure argon into the melts by using a rotary degassing impeller at a speed of 350 rpm for 5 min, and the melts were ready for HPDC afterwards. Fig. 1 shows the latest developed frontier two-stage super vacuum assisted HPDC process used for the fabrication of the die-cast AlSiMgMn-TiB 2 composites. Different from the conventional onestage vacuum by evacuation only from the die cavity, here the twostage vacuum was applied by evacuation from both the shot sleeve and the die cavity simultaneously, and eight ASTM B557 standard round tensile test bars with a gauge dimension of ϕ6.35 mm × 50 mm were casted in the die cavity under each HPDC shot, as shown in Fig. 1a . Fig. 1b presents the vacuum curves showing the evolutions of the vacuum in the shot sleeve and the die cavity during a complete HPDC cycle, and the cutting-edge super vacuum of 20 mbar was achieved in the die cavity in limited evacuation time of 1.6 s, which was far below the commonly achieved vacuum of~50-100 mbar by the conventional one-stage evacuation process [29] [30] [31] . The details of this frontier two-stage super vacuum assisted HPDC were introduced in our latest report [27] . The HPDC experiments were conducted on a 4500 kN cold chamber HPDC machine. The HPDC die was heated by the circulation of the 250°C mineral oil, and the die temperature was 230°C. The prepared alloy melts were loaded into the shot sleeve for HPDC. The pouring temperature of melts was controlled at 690°C by thermocouple, and the holding pressure was controlled at 320 bar.
Frontier super vacuum assisted HPDC
Heat treatment and mechanical tests
The as-cast tensile test bars were subjected to T6 heat treatment, which included solid solution and the subsequent peak artificial ageing [32] . Differential scanning calorimetry (DSC) analysis was conducted on a TA instrument Q800 with a heating rate of 10°C/min, to determine the solution temperature. Solution treatment was carried out at 540°C for 30 min, followed by immediate water quenching. Ageing treatment was conducted at 170°C. Vickers hardness tests were performed on a FM-800 tester with an applied load of 10 kg for 10 s, to determine the peak ageing time. The T6 heat-treated bars were pulled on an Instron 5500 machine at room temperature. The extensometer was applied for the monitoring of the strain during tensile tests. The ramp rate for extension was set as 1 mm/min. Each tensile data reported with standard deviation was based on the testing of at least twelve samples.
Microstructure characterization
The microstructure was examined using the Zeiss SUPRA 35VP scanning electron microscope (SEM) equipped with electron backscatter diffraction (EBSD), and the JEOL-2100 transmission electron microscopy (TEM). The microstructure characterization of the samples was taken from the gauge length section of the tensile test bars. The samples for SEM morphology analysis were prepared following the standard grinding and polishing process, and then etching with the standard Keller's solution. The samples for EBSD analysis were prepared by vibration polishing at a frequency of 90 Hz for three hours after the standard grinding and polishing. Thin specimens for TEM observation were prepared by ion beam polishing on a Gatan Precision Ion Polishing System (PIPS, Gatan model 691). A constant preparation temperature of −10°C was maintained during the ion beam polishing. TEM operating at 200 kV was used for bright-field imaging, select area diffraction pattern (SADP) analysis and high-resolution transmission electron microscopy (HRTEM) imaging.
Results & discussion
Al-TiB 2 master alloy with TiB 2 nanoparticles
The Al-10wt.%TiB 2 master alloy was self-synthesized through the insitu reaction [33] between the K 2 TiF 6 and KBF 4 salts in the molten Al at 850°C. The TiB 2 ceramic nanoparticles were formed during the reaction, and remained in the Al-10wt.%TiB 2 master alloy after solidification. Fig. 2a presents the SEM morphology of the Al-10wt.%TiB 2 master alloy, and TiB 2 nanoparticles dispersed homogeneously in the Al matrix of the master alloy. Fig. 2b shows the bright-field TEM morphology of the TiB 2 nanoparticle in the Al-10wt.%TiB 2 master alloy. Fig. 2c presents the SADP of the TiB 2 nanoparticle in Fig. 2b , and Fig. 2d shows the HRTEM image of the TiB 2 nanoparticle in Fig. 2b , which verified that the nanoparticles dispersed in the Al-10wt.%TiB 2 master alloy were TiB 2 .
The TiB 2 nanoparticles were in the morphology of hexagonal prisms with hexagonal close packed lattice structure, and the faceted morphology of the TiB 2 nanoparticles observed here agreed with the previous report [34, 35] . The size of the TiB 2 nanoparticles under the in-situ reaction was well reported showing a log-normal distribution in the range of 0-450 nm with the majority of the TiB 2 nanoparticles between 50 and 125 nm, while the average diameter of the TiB 2 nanoparticles was~1 00 nm [36] , which was in consistence with the TiB 2 nanoparticles synthesized here. The TiB 2 nanoparticles are ceramic phases with a high melting point of 3230°C, and the TiB 2 nanoparticles are stable phases that don't react with molten Al after the formation through insitu reaction. Moreover, it is easier to add the TiB 2 nanoparticles into the Al melts through the Al-TiB 2 master alloy rather than the pure TiB 2 powders. Thus, the TiB 2 nanoparticles were added into the diecast Al-Si-Mg-Mn alloy melts through the in-situ synthesized Al-10wt.%TiB 2 master alloy, for the achieving of high performance diecast AlSiMgMn-TiB 2 composites. Fig. 3 shows the castings of the AlSiMgMn-TiB 2 composites fabricated under the super vacuum assisted HPDC. Fig. 3a presents the casting of the AlSiMgMn die-cast alloy without TiB 2 reinforcement, and the casting was well filled with high integrity and no hot-tearing crack, indicating the excellent die-cast capability of the base alloy. Fig. 3b shows the casting of the 1.5 wt% TiB 2 reinforced composite, and the integrity of the casting was similar to that of the base alloy, indicative of the good die-cast capability of the AlSiMgMn-1.5 wt% TiB 2 composite. Fig. 3c presents the casting of the 3.5 wt% TiB 2 reinforced composite, and the casting was still well filled to the thin (0.8 mm thickness) chill vent end with good integrity and no hot-tearing crack, indicating the good die-cast capability of the AlSiMgMn-3.5 wt% TiB 2 composite. Fig. 3d shows the casting of the 4.5 wt% TiB 2 reinforced composite, and the casting could not be filled to the chill vent end, indicative of the poor die filling capability of the alloy melt with 4.5 wt% TiB 2 . Comparing with the base alloy, the decrease of the chill vent height in the castings of the composites was due to the decrease of the fluidity of the alloy melts after addition of TiB 2 nanoparticles. The high content of silicon ensured the excellent fluidity and the low solidification temperature range and thermal expansion of the base alloy, and this led to the excellent die castability of the base alloy. The die castability of the composites was good within the addition of 3.5 wt% TiB 2 , due to the excellence of the die castability of the base alloy. The composite with 4.5 wt% TiB 2 or above was not suitable for HPDC due to the significant decrease of the die filling capability. Fig. 4a and b present the SEM morphology of the as-cast AlSiMgMn die-cast alloy without TiB 2 reinforcement. The microstructure of the alloy comprised the α-Al phase, the eutectic Si phase and the intermetallic phases of α-AlFeMnSi and β-Mg 2 Si. The α-Al phase was in two different sizes, i.e., the relatively coarse primary α 1 -Al phase solidified in the shot sleeve with lower cooling rate and the fine secondary α 2 -Al phase solidified in the die cavity with higher cooling rate. The eutectic Si phase was in fibrous morphology due to the modification effect of the element Sr [37] [38] [39] . The β-Mg 2 Si intermetallic phase distributed at the grain boundary of the α-Al phase, and it was in block shape. Fig. 4c shows the SEM morphology of the as-cast AlSiMgMn-1.5 wt% TiB 2 composite, TiB 2 nanoparticles were observed in the eutectic area that was at the grain boundary. The eutectic Si phase was also in fibrous morphology, and the α-AlFeMnSi intermetallic phase was in faceted morphology. Fig. 4d presents the SEM morphology of the as-cast AlSiMgMn-3.5 wt% TiB 2 composite, TiB 2 nanoparticles were also observed in the eutectic area that was at the grain boundary, and the amount of the TiB 2 nanoparticles at the grain boundary of the 3.5 wt% TiB 2 reinforced composite was higher than that of the 1.5 wt% TiB 2 reinforced composite. The size of the faceted α-AlFeMnSi intermetallic phase was~0.5-1 μm.
As-cast AlSiMgMn-TiB 2 composites
Casting and die-cast capability
As-cast microstructure
The intermetallic phase of β was rich in Mg and Si, and the intermetallic phase of α-AlFeMnSi was rich in Al, Fe, Mn and Si, according to the energy dispersive X-ray spectroscopy (EDS) analysis under SEM. However, it was hard to determine the chemical formula and structure of the intermetallic phases under SEM, as the measurement accuracy of the element content was not high enough. Therefore, TEM analysis was applied to confirm the β and α-AlFeMnSi intermetallic phases in the as-fabricated composites. Fig. 5a shows the bright-field TEM morphology of the β phase, and the SADP analysis result in Fig. 5b verified that the β phase was the Mg 2 Si phase with the face centred cubic lattice structure. The lattice parameter of the β phase was determined as 0.638 nm from the (200) interplanar spacing of 0.319 nm measured in Fig. 5b , which agreed well with the reported lattice parameter of 0.639 nm of the β-Mg 2 Si phase [40] . Fig. 5c presents the bright-field TEM morphology of the α-AlFeMnSi phase, and the SADP analysis result in Fig. 5d confirmed that the α-AlFeMnSi phase was the Al 15 (Fe,Mn) 3 Si 2 phase with the body centred cubic lattice structure. The lattice parameter of the α-AlFeMnSi phase was determined as 1.270 nm from the (0−11) interplanar spacing of 0.898 nm measured in Fig. 5d , which agreed well with the reported lattice parameter of 1.270 nm of the Al 15 (Fe,Mn) 3 Si 2 phase [41] . Fig. 6 presents the bright-field TEM micrographs showing the distribution of the TiB 2 nanoparticles in the die-cast AlSiMgMn-TiB 2 composites in as-cast state. Fig. 6a and b show the TEM morphology of the 1.5 wt% TiB 2 reinforced composite in as-cast state, and the TiB 2 nanoparticles were found distributing at the grain boundary (GB) of the α-Al phase. The matrix of the α-Al phase was clean, and hardly did the TiB 2 nanoparticles present in the α-Al grain. Fig. 6c and d present the TEM morphology of the 3.5 wt% TiB 2 reinforced composite in as-cast state, and the TiB 2 nanoparticles were also observed distributing at the grain boundary of the α-Al phase rather than in the α-Al grain. The amount of the TiB 2 nanoparticles at the grain boundary of the 3.5 wt% TiB 2 reinforced composite was higher than of the 1.5 wt% TiB 2 reinforced composite, due to the increased addition of the TiB 2 nanoparticles. The distribution of the TiB 2 reinforcement nanoparticles at the grain boundary of the α-Al phase rather than in the α-Al matrix was also reported in the laser additive manufacturing of the nano-TiB 2 decorated AlSi10Mg aluminium alloy [42] , which had the cooling rate that was three orders of magnitude (10 3 ) higher than the present HPDC (500-1000 K/s) process.
Heat treatment of AlSiMgMn-TiB 2 composites
Heat treatment process
The micron-scale β-Mg 2 Si intermetallic phase at the grain boundary was expected dissolving into the α-Al matrix during solution treatment, and precipitating out in the form of nanoscale precipitates in the α-Al matrix during the subsequent ageing treatment, for the heat treatment strengthening of the die-cast AlSiMgMn-TiB 2 composites. The melting temperature of the β intermetallic phase was determined as 557.1°C by DSC analysis, as shown in Fig. 7a , and the solid solution temperature was therefore chosen as 540°C. Fig. 7b shows the evolution of the hardness of the die-cast AlSiMgMn-TiB 2 composites versus ageing time after solution treatment. With the increase of the ageing time, the hardness first increased till reached the peak due to the precipitation of the fine nanoscale precipitates, and decreased subsequently resulting from the transformation of the fine nanoscale precipitates into the relatively coarser nanoscale precipitates. The fine nanoscale precipitates are highly coherent with the Al matrix and have strong precipitation strengthening effect, while the coarsened nanoscale precipitates are not fully coherent with the Al matrix and have relatively weaker precipitation strengthening effect. The hardness of the 0 wt% TiB 2 reinforced alloy reached the peak at the ageing time of 6 h, while the hardness of the 1.5 wt% TiB 2 and 3.5 wt% TiB 2 reinforced composites reached the peak at the ageing time of 8 h. The hardness of the heattreated composites increased with increasing content of TiB 2 , and the peak hardness of the 3.5 wt% TiB 2 reinforced composite was as high as 150.2 kg/mm 2 . The peak ageing hours of 6 h, 8 h and 8 h were chosen as the final ageing time of T6 heat treatment for the 0 wt% TiB 2 , 1.5 wt % TiB 2 and 3.5 wt% TiB 2 reinforced composites, separately. Fig. 8 presents the evolution of the α-Al phase in the die-cast AlSiMgMn-TiB 2 composites during T6 heat treatment by EBSD analysis. Fig. 8a shows the inverse pole figure (IPF) orientation map of the α-Al phases in the 3.5 wt% TiB 2 reinforced composite in as-cast state, and the insert of the colour code in Fig. 8b represents the detail crystal orientation of the α-Al phases in Fig. 8a . Different α-Al phases can be easily distinguished by the difference of the orientation colour under IPF. Fig. 8b presents the grain size distribution of the α-Al in the ascast composite, the α 1 -Al could be large as 30 μm, while the α 2 -Al could be small as 3 μm. Fig. 8c shows the IPF orientation map of the α-Al phases in the 3.5 wt% TiB 2 reinforced composite after T6 heat treatment. The grain size of the α-Al phase in Fig. 8c was obviously coarser than that in Fig. 8a , which indicated that the α-Al phase was coarsened during T6 heat treatment. Fig. 8d presents the grain size distribution of the α-Al phase in the 3.5 wt% TiB 2 reinforced composite after T6 heat treatment, and it also verified the coarsening of the α-Al phase during T6 heat treatment, as the α-Al phase was shifted to direction of larger grain size. The combining of the neighbouring α-Al grains during the high temperature solution treatment at 540°C led to the coarsening of the α-Al phase by diffusion. Fig. 9a and b show the SEM morphology of the die-cast AlSiMgMn alloy after solution treatment. The fibrous eutectic Si phase in the ascast alloy was spheroidized into the fine spheroidal Si particles after solution treatment. The β intermetallic phase was hardly observed in the solution treated alloy, which indicated that the β phase at the grain boundary of the as-cast alloy was well dissolved into the α-Al matrix after solution treatment. Fig. 9c presents the bright-field TEM morphology of the die-cast AlSiMgMn alloy after solution treatment, and the SADP in Fig. 9d verified that the spheroidized particle in Fig. 9c was the Si phase. The lattice parameter of the Si phase was determined as 0.544 nm from the (111) interplanar spacing of 0.314 nm measured in Fig. 9d , which agreed well with the lattice parameter of 0.543 nm of the Si phase with diamond cubic structure. The spheroidization of the eutectic Si phase during solution treatment was also reported by previous studies on Al\ \Si based cast alloys [43] [44] [45] , and the dissolving of the β phase into the α-Al matrix was due to the high temperature diffusion during solution treatment.
Evolution of the α-Al matrix phase
Evolution of the eutectic and intermetallic phases
Heat-treated AlSiMgMn-TiB 2 composites
3.4.1. Tensile properties Fig. 10a presents the typical tensile stress-strain curves of the T6 heat-treated die-cast AlSiMgMn-TiB 2 composites under super vacuum assisted HPDC. With the increase of TiB 2 nanoparticles, the strength of the T6 heat-treated composites increased, while the ductility decreased. Fig. 10b shows the average tensile properties of the T6 heat-treated diecast AlSiMgMn-TiB 2 composites under super vacuum assisted HPDC. The yield strength, ultimate tensile strength (UTS) and elongation (El) of the 0 wt% TiB 2 reinforced alloy were 317 ± 2 MPa, 368 ± 3 MPa and 11.6 ± 0.9%, respectively. The 1.5 wt% TiB 2 reinforced composite provided the yield strength of 330 ± 3 MPa and UTS of 384 ± 3 MPa in conjunction with the ductility of 9.1 ± 0.8%, and the 3.5 wt% TiB 2 reinforced composite delivered the high yield strength of 351 ± 3 MPa and UTS of 410 ± 4 MPa in association with the good ductility of 5.2 ± 0.6%. Fig. 10c presents the as-cast tensile properties of the 3.5 wt% TiB 2 reinforced composite under non-vacuum and super vacuum assisted HPDC. Compared with non-vacuum assisted HPDC, super vacuum assisted HPDC could improve the ductility of the composite, while it could not improve the yield strength of the composite, which agreed with previous study [27] . The ductility of the as-cast 3.5 wt% TiB 2 reinforced composite was 5.5% under non-vacuum assisted HPDC, while the ductility of the composite improved to 6.6% under super vacuum assisted HPDC. The as-cast yield strength of the 3.5 wt% TiB 2 reinforced composite was 214 MPa, and it was at least 25 MPa higher than the as-cast yield strength of the currently available diecast aluminium alloys [9] [10] [11] [12] [13] [14] . The T6 heat-treated composite reinforced by 3.5 wt% TiB 2 demonstrated 17% increase in yield strength over the previously reported [27] T6 heat-treated die-cast AlSiMgMn alloy without particle reinforcement, and it also demonstrated 23% increase in yield strength over the T6 heat-treated A356 Al alloy reinforced by SiC particles [25] , under vacuum assisted HPDC, as shown in Fig. 10d . It is hard to achieve die-cast aluminium alloys with the high yield strength of 350 MPa in association with an industrially applicable ductility of 4%. The high mechanical performances delivered by the AlSiMgMn-3.5wt%TiB 2 composite are excellent mechanical properties for the HPDC industry.
Precipitation strengthening
The TEM images in Fig. 11 show the nanoscale precipitates in the α-Al matrix of the present die-cast alloy after T6 heat treatment. Fig. 11a presents the bright-field TEM image taken along the nonzone axis of the α-Al matrix, and nanoscale β″-Mg 2 Si precipitates dispersed homogeneously in the matrix of different α-Al phases. Fig. 11b shows the bright-field TEM image taken along the b001N zone axis of one α-Al grain, and embedded and lying β″ nanoscale precipitates dispersed uniformly in the α-Al matrix. The β″ precipitate was in needle-like shape [40] , and the embedded and lying β″ precipitates were the same β″ precipitates. Fig. 11c presents the HRTEM image of the embedded β″ precipitate, and it clearly presented the unit cell of C-centered monoclinic structure with a = 1.52 nm and c = 0.67 nm, which verified that the embedded precipitate was β″ [40, 46] , and the nanoscale β″ precipitate was coherent with the α-Al matrix with Al[320]//β″(a-axis) and Al //β″(caxis). The fast Fourier transform (FFT) pattern in Fig. 11d also confirmed that the embedded precipitate in Fig. 11c was β″. Fig. 11e shows the HRTEM image of the lying β″ precipitate, which had coherent interface with the α-Al matrix with Al[020]//β″(b-axis). The FFT pattern in Fig. 11f verified that the lying precipitate in Fig. 11e was β″ [43] . The coherence between β″ precipitate and the Al matrix led to excellent precipitation strengthening of the Al matrix. 3.4.3. Nanoparticle strengthening Fig. 12 presents the TEM micrographs of the die-cast AlSiMgMn-TiB 2 composites after T6 heat treatment. Fig. 12a and b show the bright-field TEM images of the α-Al matrix of the 1.5 wt% TiB 2 reinforced composite, and the strengthening of the α-Al matrix was a result of both β″ precipitates and TiB 2 nanoparticles. Fig. 12c and d present the bright-field TEM images of the α-Al matrix of the 3.5 wt% TiB 2 reinforced composite, and the strengthening of the α-Al matrix of the composite was also a result of both β″ precipitates and TiB 2 nanoparticles. The number density of the nanoscale β″ precipitates in Fig. 12 seemed lower than that in Fig. 11 , which was due to the difference of the observing direction under TEM, and the number density of the nanoscale β″ precipitates in the 0 wt%, 1.5 wt% and 3.5 wt% TiB 2 reinforced composites was identical. From Fig. 6 , the TiB 2 nanoparticles distributed at the grain boundary rather than in the α-Al matrix of the composites in as-cast state. As verified by the EBSD analysis in Fig. 8 , the nearby α-Al phases in as-cast state were combined and coarsened during the subsequent solution treatment. The TiB 2 nanoparticles at the grain boundaries of the as-cast composite were therefore enrolled into the α-Al matrix of T6 heat-treated composite through the combining and coarsening of the α-Al phases during the solution treatment. Fig. 12e presents the HRTEM image showing the interface between the middle TiB 2 nanoparticle and the α-Al matrix in Fig. 12d , and the TiB 2 nanoparticle was found having highly coherent interface with the α-Al matrix, with the (0001) crystal plane of the TiB 2 nanoparticle parallel to the (11-1) crystal plane of the α-Al matrix, which indicated strong interfacial bonding and strengthening. The FFT pattern in Fig. 12f revealed that the crystal orientation relation (OR) between the TiB 2 nanoparticle and the α-Al matrix was Al(11-1)//TiB 2 (0001) and Al[011]//TiB 2 [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Thus the strengthening of the present die-cast AlSiMgMn-TiB 2 composites was a result of both TiB 2 nanoparticles and nanoscale β″ precipitates that had coherent interfaces with the α-Al matrix, which resulted in the high strength of the composites. Fig. 13 shows the SEM micrographs of the tensile fracture of the diecast AlSiMgMn-TiB 2 composites after T6 heat treatment. Fig. 13a presents the SEM morphology of the fracture of the 0 wt% TiB 2 reinforced alloy, and Al dimples were found distributing uniformly across the fracture indicating the ductile fracture, which agreed with the excellent ductility of the alloy. Cracks were found in the Si phase due to its brittle feature [37, 43] . Fig. 13b shows the SEM morphology of the fracture of the 1.5 wt% TiB 2 reinforced composite, and TiB 2 nanoparticles were observed on the fracture, while cracks were still found in the Si phase. The number of the Al dimples was slightly smaller on the fracture of the 1.5 wt% TiB 2 reinforced composite when compared with the 0 wt% TiB 2 reinforced alloy, and it corresponded to the slight decrease of the ductility of the composite. Fig. 13c and d present the SEM morphology of the fracture of the 3.5 wt% TiB 2 reinforced composite, and it also comprised the Al dimples, the cracked Si phase and the TiB 2 nanoparticles. The number of the Al dimples was decreased on the fracture of the 3.5 wt% TiB 2 reinforced composite, which was in consistence with the decrease of the ductility of the composite. The TiB 2 nanoparticles are hard phases with the super high hardness of 2500 kg/mm 2 , and the Si phase is brittle phase with the high hardness of 900 kg/mm 2 . With the increased addition of the TiB 2 nanoparticles to 3.5 wt%, the number of the hard TiB 2 nanoparticles surrounding the brittle Si phase increased significantly, as shown in Fig. 13c . It could be reasonably speculated that the brittle Si phase would be inevitably interacted with its surrounding hard TiB 2 nanoparticles, under the loading and deformation of tensile test, which very possibly accelerated the crack of the brittle Si phase and the fracture of the composite. The presence of the Al dimples on the tensile fracture confirmed the ductile fracture [47] and the good ductility of the high strength die-cast AlSiMgMn-3.5wt%TiB 2 composite. Fig. 13 . SEM morphology of the tensile fracture of the die-cast AlSiMgMn-TiB 2 composites after T6 heat treatment. (a) 0 wt% TiB 2 reinforced alloy, (b) 1.5 wt% TiB 2 reinforced composite, (c, d) 3.5 wt% TiB 2 reinforced composite.
Ductile fracture
Conclusions
Die-cast AlSiMgMn-TiB 2 composites with advanced mechanical performance were successfully fabricated, through the implantation of TiB 2 nanoparticles. The super vacuum of 20 mbar was achieved in the die cavity in limited evacuation time of 1.6 s under the super vacuum assisted high pressure die casting, for the fabrication of the composites. The as-fabricated AlSiMgMn-3.5wt%TiB 2 composite could deliver the high hardness of 150.2 kg/mm 2 , the high yield strength of 351 MPa and ultimate tensile strength of 410 MPa, and an industrially applicable good ductility of 5.2%, after T6 heat treatment. In addition, the asfabricated composites demonstrated good die castability within the implantation of 3.5 wt.% TiB 2 nanoparticles. Furthermore, the strengthening of the α-Al matrix of the T6 heat-treated composite was a result of both TiB 2 nanoparticles and nanoscale β″ precipitates that had coherent interfaces with the Al matrix, i.e., Al(11-1)//TiB 2 (0001), Al[011]// TiB 2 [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , Al[320]//β″(a-axis), Al //β″(c-axis) and Al(020)//β″ (b-axis), indicative of strong interfacial bonding and strengthening. Moreover, the as-prepared composite showed ductile fracture. The high strength, the industrially applicable ductility, the good die castability and the highly coherent interfacial bonding make the as-fabricated composite promising for applications in industry. 
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